CommonGIS is a developing software system for exploratory analysis of spatial data. It includes a multitude of tools applicable to different data types and helping an analyst to find answers to a variety of questions. CommonGIS has been recently extended to support exploration of spatio-temporal data, i.e. temporally variant data referring to spatial locations. The set of new tools includes animated thematic maps, map series, value flow maps, time graphs, and dynamic transformations of the data. We demonstrate the use of the new tools by considering different analytical questions arising in the course of analysis of thematic spatio-temporal data.
INTRODUCTION
Our research work, which is mainly devoted to support of exploratory analysis of spatially referenced data, includes design and implementation of innovative software tools and experimentation with these tools by applying them, individually and in combinations, to various data. The tools are based on traditional techniques and approaches from various disciplines: cartography, statistical graphics, information visualisation, and human-computer interaction. However, we enhance these traditional techniques with high interactivity and manipulability and combine them so as to provide better opportunities for analysis. The results of our work are described in a number of papers, see, for example, [1] [2] [3] .
In this presentation, we want to demonstrate some new developments not covered by the previous papers. These are tools for exploration of data having both spatial and temporal reference, or, shortly, spatio-temporal data. The work described was partly supported by the EU in project GIMMI (IST-2001-34245).
There are different types of spatio-temporal data, in particular, according to the type of changes that occur to them over time [4] In CommonGIS, we have developed a set of tools that can help an analyst in finding answers to these questions. This includes timecontrolled thematic maps (which, in particular, allow animation), map series, value flow maps, and time graphs. Additionally, we have created tools for dynamic data transformation, which can be used in combination with any of these visual tools to enhance their analytical power.
In the remaining text, we briefly describe the tools and demonstrate their use for data analysis. Time-controlled thematic maps (or, shortly, time maps) are just usual maps (in CommonGIS this means highly interactive and manipulable map displays) representing attribute values at a particular time moment. However, this time moment can be interactively changed, which results in each time map being immediately redrawn. The set of controls shown in Figure 1 is used for changing the display time moment. Time maps support first of all finding answers to questions related to a single time moment, which can be interactively selected. A map as a whole shows the spatial distribution of attribute values at this time moment (question 1b). In order to know the attribute values referring to a particular location (question 1a), it is sufficient to point on this location with the mouse cursor, and the values will be shown in a popup window. Map animation allows the user to observe the evolution of the spatial pattern of value distribution (question 3d). However, while map animation is useful for revealing general trends in the development of spatial patterns, time maps are not sufficiently productive for a more detailed investigation of changes that occurred from moment t 1 to moment t 2 (question 2c). For comprehensive comparison of states at two or more time moments these states need to be displayed on the screen simultaneously.
EXPLORATION OF SPATIAL PATTERNS AND THEIR CHANGES
Map series represent the distribution of values of the same attribute(s) at several selected time moments thus enabling convenient comparisons. The maps are displayed in a common panel and are manipulated all together ( Figure 2) . However, the number of maps that can be simultaneously displayed and investigated is limited by the screen size as well as by human's perceptual capabilities. Hence, only a few representative time moments are usually selected for a detailed comparative study. An investigation of pattern changes using a time map can help in detecting the moments that require an additional attention. Besides questions concerning the change of the overall spatial pattern (2c), map series displays, due to their interactivity, allow the user to evaluate local changes (question 2a). When the mouse cursor is positioned over an area on one of the maps, the attribute values for all time moments represented in the whole panel are shown in a popup window (see Figure 2 ). Still more advanced opportunities for investigating local changes and their distribution over the territory are provided by the tools for dynamic data transformation.
EXPLORATION OF LOCAL CHANGES AND THEIR SPATIAL DISTRIBUTION
Tools for dynamic data transformation can be applied to numeric attributes. These tools (shortly called transformers) are automatically attached to any map display representing numeric attributes and to some non-cartographical displays. Transformers give an opportunity to replace the representation of the original attribute values by that of transformed values without the necessity to build another display. For example, having a map representing burglary rates in year 1990, an analyst may wish to compare these rates to those in year 1989. After the selection of the corresponding transformation from the list of possible transformations, the map is redrawn to represent the differences between the values in 1990 and the corresponding values in the previous year. If this is an unclassified choropleth map, different colours are used for the positive and negative differences ( Figure 3 ). Hence, the analyst can immediately distinguish the areas where the values increased from those where the values decreased. If this is a map with bar diagrams, the positive differences are represented by upward-oriented bars, and the negative by downward oriented bars. The analyst can easily switch the transformation off and return to the original values. It is possible to use several transformers in a row. In this case, every transformer starting from the second one applies its transformation to the results produced by the previous transformer. It is important that the user can switch any transformation on or off or change its parameters, and the results are immediately represented on the current map or graph, without requiring the user to rebuild it.
The operation of temporal comparison is especially supportive for the investigation of local changes from moment t 1 to moment t 2 (question 2a). Moreover, after this transformation is applied to a map, the map exposes the distribution of changes over the whole territory and thus helps to answer the question 2b. When the temporal comparison is applied to a time-controlled map, the user can easily switch between different time moments and see the changes at this time moments in comparison to the previous moment or to a fixed selected moment. The transformation also takes place in the course of map animation.
EXPLORATION OF LOCAL BEHAVIOURS
Neither time-controlled maps nor map series are suitable for the exploration of temporal variation of attribute values (we call it behaviour) at any particular location. Therefore, we have designed and developed additional exploratory tools that can help an analyst to find answers to questions 3a, 3b, and 3c. The above-described temporal aggregation transformation can be aptly applied to a value flow map ( Figure 5 ).
Another useful transformation would be comparison to the country's mean or median at each time moment. As can be seen from Figure 6 , this transformation can make the patterns of behaviour distribution more prominent. On a time graph, all local behaviours are represented in a common coordinate system. This makes it easier to estimate the amount of difference between two behaviours at any time moment. On the other hand, line cluttering makes it difficult to focus on particular behaviours. To simplify this, the time graph display provides a set of controls for flexible selection of the information to be present on the graph (Figure 7 , bottom). Thus, it is possible that only behaviours for user-selected locations are shown, which makes their comparison quite easy.
Besides lines for individual objects (locations), a time graph can also represent the "average behaviour" (the line obtained by connecting each year's means) or the "median behaviour" (obtained from each year's medians). This helps an analyst to understand the general development trends for a territory as a whole. Time graphs are also suitable for comparing variations of two or more attributes.
A time graph display provides a range of advanced exploratory facilities, which will be demonstrated at the conference.
CONCLUSION
In our work on design and development of software tools for exploratory data analysis, we follow the systematic approach that can be called task-analytical. First, we take a particular data set and consider it as a representative of a certain class of data. From this perspective, we try to reveal the general structure and properties of this class of data. On this basis, we enumerate the types of tasks, or questions, that can arise in exploration of such data. Then we try to find a combination of techniques to support this set of tasks as fully as possible. As a basis, we mostly use traditional techniques from cartography and statistical graphics but enhance their analytical power with interactivity and transformability. Technique combination often produces synergistic effects.
In this presentation, we have demonstrated the set of tools we created for analysis of time-variant thematic data referring to spatial locations. We listed the major exploratory tasks relevant for this class of data and explained which tasks each of the tools is intended to support. While we believe that the tools are effective for the tasks they are designed for, this needs to be tested by users performing data analyses in various problem domains.
